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I. 


INTRODUCTION 


Fok,  mist,  and  haze  are  obsmictions  to  visibility.  Fog  exists 
^^  hen  tlie  atmosphere  contains  a suspended  aggregate  of  verj-  small  water  drops 
which  reduce  the  horizontal  \isibilit>’  to  1 km  or  less  near  the  surface.  Wher. 
an  aggregate  of  water  droplets  suspended  in  the  atmosphere  near  the  surface 
does  not  teduce  visibility  as  low  as  i km,  it  is  called  mist.  Mist  is  intenrediate 
between  fog  and  haze.  Haze  consists  of  particles  which  are  so  small  they  can- 
not be  felt  or  individually  seen  with  the  eye.  Haze  particles  may  l:<e  dr> 
or  damp.  More  detailed  definitions  may  be  found  in  the  Glossary  of  kleteorology 
Miusehke,  19.'19) . Eldritlge  (l9G9)  discusses  alternate  definitions '.v'nici.  exist 
m the  iiu  rattire. 

This  report  is  in’ir.iarilv  concerned  with  fog,  but  first,  a few  rt  fe-crices 
will  be  listed  for  the  reader  who  is  interested  in  visibilities  greater  the,.  1 Im' 
Wells  et  al.  (1977),  Hanel  (l97l),  Meszaros  (l97l),  and  Laktion,.v  CueTa) 
contain  information  about  the  size  of  particles  and  visibility  as  a func'.ioi.  o; 
relative  humidity.  Johnson  (197G)  shows  that  ultragiant  aerosols  witl  radii  of 
lop.m  and  larger  are  not  rare.  Flanigan  and  DeLong  (1970)  and  Hoici.tli.  and 
Blanco  (19G9)  discuss  measurements  of  infrared  characteristics  of  aus:. 

Gordin  and  Strelkov  (1975)  and  Cat  ion  f 1970)  consider  infrared  characteristi.,  s 
of  verv  fine  water  aerosol. 

Fog  is  fonned  by  a variety  of  meteorological  processes. 

When  the  ground  loses  heat  at  night  by  radiational  cooling  through  a clear 
atmostjhere,  radiation  fog  will  form  if  the  air  cools  enough  tr  hecoiue 
su[)ersaturated. 

Advoction  fog  is  fog  which  fonns  when  warm,  moist  air  moves  ac”oss 
V.  vter  or  land  which  lets  a lowci’  temperature. 

I’rontal  fog  is  associated  with  a frontal  (lassage.  Frontal  fog  n;av  I-'.? 
caesed  bv  rain  falling  into  cooler  ait  ('r  Ity  mixing  of  different  air  masS"-  uca.r 
the  ’•  onial  /.OIH-.  Some  authors  call  the  former  an  evaporation  f^.g  and  the 
lain,  ! a mixing  fog. 

An  ujislope  fog  is  fonned  when  air  flows  upward  over  rising  terrain  and 
cools  idiabatically  to  the  dew  point. 
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Steam  which  is  also  called  evaporation  fog,  is  formed  uhen  cold  air 
moves  over  a wanner  body  of  water  or  when  warm  rain  falls  through  a la\er 
of  colder  air. 

Further  infomiation  of  a general  nature  may  be  found  in  standard  refer- 
ences such  as  Beriy  et  al,  (1945),  Iluschke  (1959) , Landsberg  ( 195S) , and 
Schonwiese  (1970). 

Mathematical  and  numerical  models  describing  different  characteristics 
of  fog  are  foimd  in  Baronti  and  Elzweig  (1973),  Lala  et  al.  (1975),  Low  (1973b), 
Magono  et  al.  (1974),  Rodhe  (1962,  1966),  and  Weinstein  (1974a,  b) . 


II.  COMPUTATIONAL  PROCEDURE 

When  electromagnetic  energy  propagates  through  an  atmosphere 
which  contains  scattering  and  absorbing  particles,  the  extinction  coefficient  rr, 
which  is  also  called  the  attenuation  coefficient,  is  given  by  the  following 
formula: 


(T=  ' -r.(Q  ).N. 

-r  1 ext  1 1 
1 


where  r.  is  the  I’adius  of  pai’ticles  in  the  ith  intexwal  which  contains  X,  particles 

* 2 ^ 
per  cubic  unit  of  length.  To  be  precise,  the  r“  which  is  used  in  the  computation 

should  be  the  mean  square  radius  over  the  inteiwal.  (Q  ) is  the  mean  extinc- 

ext  1 

tion  efficiency  factor  (also  called  the  relative  extinction  coefficient  or  the 

normalized  extinction  cross  section)  in  the  ith  radius  intercal.  Q is  a 

ext 

dimensionless  function  of  drop  size,  wavelength  of  electromagnetic  energy, 
and  the  complex  index  of  refraction.  The  extinction  coefficient  a is  in  units 

of  inverse  length.  If  ct  is  in  units  of  m the  attenuation  in  decibels/ kilometer 
may  be  obtained  by  multiplying  by  4343. 

Johnson  (1954)  has  shown  that  if  one  assumes  a threshold  of  brightness 
contrast  of  0.  02,  one  may  compute  the  visibility  V according  to  the  formula 


i 
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Mie  (1008;  develo[)ed  a theory  to  describe  scattering  and  absorption  of 
electromagnetic  energy  by  spherical  particles  with  a known  complex  index  of 
refraction  m = n - ik.  Modexti  discussions  and  explanations  of  electror.mgnetic 
propagation  theory  can  be  found  in  Kerker  (i960),  McCartney  (1976), 
DeiiTneiidjian  et  al.  (I96l),  Weeks  ( 19G4) , Stephens  et  al.  (1971),  and  Verner 
(1976) . A summary  of  the  procedui’e  used  in  this  report  follows. 

The  extinction  efficiency  factor  is  related  to  the  complex  numbers  a 

and  b by  the  formula 
n 

00 

Q .=  'T  E [Re(a  + b ) ] 

ext  2 n n 

a n=l 

The  dimensionless  parameter  o'  is  the  ratio  of  the  circumference  of  the  drop 
to  the  wavelength  of  radiant  energy  and  is  defined  by 


The  wavelength  \ must  be  expressed  in  the  same  units  as  the  radius. 
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and 


-4> 

n n n n 

n - m?  {a)ip'  (/3)  - ip  (p)^'(a) 
n n n n 


where  /?  - ma  and  ^ = -<1)  + i\.  The  prime  denotes  differentiation  with  respect 
to  the  arg-ument.  The  quantities  ip  and  \ are  Uicatti-Besscl  functions  defined  as 


^ (x)  = (f 
n \ 2 


1/2 


^ (x)  = - N (x) 

n \2  J n+1/2'  ' 


where  ; integral  order  Bessel  and  Xeumann 

functions  of  any  argument  x. 

For  computational  piu’poses,  one  may  define  the  appropriate  quantities 
for  n = 0 and  n = 1 and  use  an  iterative  procedure  to  obtain  higher  order  tc mis 


ii^(x)  = sin  X 


. / X sin  X 

i/;  (x)  = - cos  X 

1 X 


Xq(x)  = cos  X 


, 4 cos  X 
^1  ^ = — ~ — + sin  X 


When  X is  a complex  nun\ber  such  as  (3,  the  preceding  functions  transform  into 
functions  of  hypei’bolic  sines  and  cosines  according  standard  equations. 
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The  equations  for  finding  higher  order  terms  of  ij>  and  x are 


and 


Z’  (x)  = Z (x)  - Z (x) 

n'  .X  n n+1 


(n  + l)Z^^_^(x)  - nZ^^^(x)  , 

where  Z is  eitlier  or  x and  x is  a or  p. 

The  ac(  uraev  of  the  coznputer  programs  lias  bco)  checked  by  maoing  test 

calculations  for  comparison  with  tables  published  l.iy  the  i'S  Bureau  of  standards 

(lO-iy'i;  r.i.mi'rech*  and  Sliepc-evich  ( 1951) , Penndorf  ( 1957) , Irviiie  and  Pull ack 

fl9t.>s),  and  Ajiyiendix  J of  McCartnc}’  (197G).  Gumprocht  and  Slicpccvich, 

Pcnnd'U-f,  a-K-  'drCartney  only  deal  with  real  indices  of  refraction.  Trvine  an  t 

Pollack'  tallies  are  quite  extensive.  They  cover  many  wavelengths  a;'.'.'  a tew 

drop  radii  for  oornplex  indices  of  refraction  of  water  and  ice.  The  publication 

ijv  the  f a i’.ureau  of  Standards  is  particularly  useful  for  checking  computations 

iicoau.se  it  includes  vaPies  of  a and  )i  and  it  considers  real  and  conulex 

n n 

indices  ot  relraotion. 

Cii-,e  ndgnt  al->o  note  that  Chylek  ( 197.5,  1977)  lias  sliowii  that  the  c.xtinction 
clficioiK  } "a-,  toi  app.oav'hes  a limiting  calt.e  of  two  as  cv  beocunes  infiniie  Pir 
a",  'duoi  of  the  inde.x  of  ic  fraction,  but  tlic  limitiii;;  \alue  of  tiie  scarteiing 
effi  .jei  '"'  iactor  bs  rt  ntiK  t'ou  of  the  refractive  index. 

■'bi'  Oicory  i;'  qo  .V  reliaiile  tor  spherical  soatUn-ors.  For  example, 
Dohoims  ai.d  Kklund  f 1977)  have  recently  shown  that  the  smallest  scale  of 
fluciuaii' .us  predicted  by  the  theory  can  be  measured  in  the  lahoratoiu  . 


1 

2n  + 1 
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Fog  water  droplets  are  nearly  spherical,  but  ice  particles  are  not 
spherical.  Any  reader  interested  in  nonsphei-ical  particles  is  advised  to  con- 
sult Zerull  et  al.  (1977). 

Table  1 contains  the  indices  of  refraction  which  were  used  to  make  the 
computations  discussed  in  Section  W of  this  report.  These  computations  are 
not  highly  sensitive  to  small  changes  in  the  index  of  refraction,  and  the  results 
would  have  been  qualitatively  the  same  if  sources  other  than  Da\ies  et  al. 
(1970)  and  Hale  and  Querry  (1973)  had  been  used. 

A few  other  sources  of  data  will  be  noted  for  the  interested  reader. 
Doinnendiian  (1975),  Dowming  and  Williams  (1975),  Rozenberg  (1971), 

Ii’vine  and  Pollack  (1968),  and  Kislovskii  (1959)  contain  indices  of  refraction 
for  seA  eral  wavelengths.  Additional  information  about  indices  of  refraction  of 
water  near  1 mm  can  be  found  in  Chamberlain  et  al.  (1973),  Apletalin  et  al. 
(1970),  and  Goronina  et  al.  (1966).  The  preceding  references  are  concerned 
with  pure  water  or  ice,  but  Querry  et  al.  (1977)  have  studied  relative  reflec- 
tance and  complex  refractive  index  in  the  infrared  for  various  samples  of 
.saline  environmental  waters. 

Figure  1 is  a conventional  graph  of  Q versus  a for  w avelengths  of 

ext 

0.  55  and  10.  5 pm.  This  graph  has  been  slightly  smoothed  because  the  smaller 
scale  ripple  structure  is  not  important  for  our  purposes. 


TABLE  1.  INDICES  OF  REFRACTION 


Source 

Wavelength 

(pm) 

Index  of  Refraction 

Hale  and  Queri’y  (1973) 

0.  55 

1,333  - 1.96  (lO”^)  i 

Hale  and  Queriy  (1973) 

10.  5 

1.185  - 0.0662  i 

Davies  et  al.  (1970)* 

870 

2.422  - 0.9667  i 

Davies  et  al.  (1970) 

1250 

2.630  - 1.1407  i 

*The  index  of  refraction  for  870  pm  is  an  interpolated  value. 
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In  Fig-ure  2,  Q ^ is  graphed  as  a function  of  di’oplet  radius  for  wave- 
lengths of  0.  55,  10.  5,  and  870  pm.  This  graph  shows  that  extinction  is  aetvjaily 
greater  for  10.  5-pm  energy  than  for  the  visible  energy  when  particles  are  larger 
than  about  10  pni  in  radius. 


Table  2 contains  a sample  computation  of  extinction  for  a h\  tKitliCiical  f^'g 
drop-size  distribution.  The  purpose  of  showing  this  computation  is  U)  dennai- 
strate  the  relative  importance  of  small  and  large  drops  to  atmospl'.eirc  extinc  - 
tion. It  has  sometimes  been  argued  that  many  measurement,  techniques  dis- 
criminate against  small  drops,  and  this  computation  should  der. on. strafe  the 
tmall  importance  of  this  fact.  The  hypothetical  distribution  differs  troi c': 
of  the  measured  distributions  only  in  the  first  three  radius  intervals,  .-o 
partieles  in  the  corresponding  real  distribution  were  recorded  with  radii  less 
than  1 pm.  There  were  5.  5 particles  per  cubic  centimeter  in  the  i-  to  J-um 
radius  interval  and  4.8  particles  per  cubic  centimeter  in  the  2-  to  :■!-(( m inter- 
val. J'hus,  the  computed  visibility  for  the  hypothetical  distribution  in  Taide  2 
is  221  m as  compared  with  248  m for  the  measured  distribution.  However,  :* 
the  0.9  particles  per  cubic  centimeter  with  radii  greater  than  15  pm  wore 
removed  from  Table  2,  and  eveiy thing  else  remained  the  same,  the  computed 
visibility  would  be  245  m.  Therefore,  one  sees  that  eliminating  170  particles 
per  cubic  centimeter  with  radii  less  than  3 pm  for  the  distribution  in  Table  2 
.has  almost  the  same  effect  as  eliminating  0.9  particles  per  cubic  centimeter 
with  radii  greater  than  15  pm. 


m.  fog  DROP-SIZE  DISTRIBUTIONS 

Radii  of  fog  drops  range  from  less  than  1 pm  to  slightly  over 
100  pm.  This  section  will  include  information  concerning  variations  from  one 
place  to  another  and  from  one  fog  to  another  in  the  same  place.  Although  some 
variations  are  caused  by  biases  in  methods  of  measurement  as  suggested  by 
Kldridge  (I97l),  instrumental  limitations  cannot  explain  all  of  the  variations 
in  Table  3,  which  summarizes  the  data  to  be  discussed  in  this  section. 

The  very  thorough  investigation  by  Arnulf  et  al.  (1957)  in  France  is  often 
quoted.  The  exijcrimental  work  was  done  at  St.  Inglevert  ( Pas-de-Calais)  near 
the  sea  and  at  Villacoublay,  an  airport  near  Paris.  They  measured  drop-size 
distributions  and  extinction  of  several  wavelengths  in  hazes  and  logs.  No  radii 
greater  than  15  pm  were  shown  on  their  graphs,  and  the  main  mode  was  near 
2.  5 pm  for  all  data,  l.arge  secondary  modes  did  not  appear.  In  hazes,  the 


I 
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and  870 


TABLK  2.  SAMPl.K  OF  COMPF  rA'J'IONA L PROCEDI  RE  FOR  OB'J  AINING 


TABJ.E  2.  (Concluded) 


TABLE  3.  SUMMARY  OF  MEASUREMENTS  OF  FOG  DROPl.E'l  RADII 


Gorchakov  ( 1372)  3.5  to  12.5  I Riis.sia 


TABLE  3.  (Continued) 


Ludwig  et  al.  (1974)  o.  i 15  Raciiation  fo^ 


TABLE  3.  (Continued) 


optical  densities  were  10  to  15  times  larger  in  the  \ isilde  than  at  10  jim.  In 
fogs  which  they  called  selective  fogs  atmosjiheric  extinction  of  visible  wave- 
lengths varied  from  about  2 to  over  20  times  the  extinction  at  a wavelength  of 
10  um.  In  evolving  fogs,  visible  wavelengths  were  attenuated  from  about  1.  4 
to  20  times  the  wavelength  of  10  gm.  In  stable  fogs  the  10-^;m  attenuation  was 
always  at  least  half  the  visible  attenuation,  and  in  some  stable  fogs  attenuation 
at  10  /am  was  almost  as  much  as  in  the  visible. 

Best  (1951)  discussed  a paper  published  by  Hagemann  (1936)  from 
Hamburg,  Germany,  but  Best’ s paper  is  probably  more  readily  available. 

The  peaks  of  the  drop-size  distributions  illustrated  in  Hagemann' s I-'igure  6 
were  typically  from  about  5-  to  12-gm  radius.  Maximum  drop  sizes  measured 
by  Hagemann  were  near  -40  jam,  and  most  samples  contained  a considerable 
number  of  drops  with  radii  greater  than  10  jam.  The  samples  ist  Hagemann’ s 
original  articles  showed  that  many  distributions  were  multimodal,  and  this  was 
unfortunately  lost  in  Best' s parameterization. 

Bimoflal  and  multimodal  distributions  have  also  been  inadequately  param- 
eterized by  most  other  investigators.  Essenwanger  ( 197G)  pointed  this  out  in 
his  discussion  of  Mallow  (1975).  Rensch  and  Long  (1970),  Baronti  and  Elzweig 
(1973),  and  Tampieri  and  Tomasi  (1976a,  b)  also  used  distribution  functions 
which  allowed  only  a single  mode. 

Cong  and  Dessens  (1973)  made  measurements  in  France  on  the  upper 
Garonne  River  near  a pulp  mill  which  ejected  65  tons  of  water  vapor  per  hour 
into  the  atm.osnhere.  Measurements  were  made  in  a valley  where  wind  speeds 
were  light  or  it  was  calm,  and  there  were  frequent  in\ersions.  They  studied 
two  fogs  which  were  spread  throughout  the  valley  basin  and  two  fogs  which 
were  localized  in  the  vicinity  of  the  falling  from  the  plume  emitted  by  the  pulp 
Tnill.  Drops  were  larger  in  the  localized  fogs  which  had  mean  radii  of  8 and 
10  gm.  Maximum  radii  were  about  22  pm.  Mean  radii  in  the  more  widespread 
fogs  were  4.  5 and  5.2  pm,  and  maximum  radii  were  about  17  pm.  Li  both 
cases,  large  numbers  of  drops  had  radii  greater  than  10  pm. 

Deloncle  (1963a,  b)  studied  fogs  near  Paris  and  on  a mountain, 

Ihiy-de-Dome,  in  France.  Near  Paris,  most  drops  had  radii  less  than  1 pm; 
the  maximum  radius  was  about  10  pm.  Some  of  these  distributions  were 
bimodal  (see  I-Tgure  5 of  Deloncle,  1963a)  with  a secondary  maximum  near 
5.  5 pm.  Deloncle  found  smaller  drops  on  the  mountain  Puy-de-Dome.  Maxi- 
mum radii  were  about  8 pm,  and  the  largest  number  of  drops  had  radii  less  1 

than  0.75pm.  Even  the  secondary  modal  radius  was  only  alx)ut  1.5  pm.  I 


A 
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Dickson  et  al.  (1975)  made  extensive  measurements  at  Capistrano  Test 
Site  in  California.  l\lost  of  the  data  were  in  the  form  of  computer  printouts, 
but  a tv’kca’  example  of  fog  vas  discussed  in  Volume  I.  The  maximum  radius 
of  drops  measured  in  this  e.xamijle  was  IIS  pm,  but  most  rlrops  had  radii  less 
'iian  ci.  'Die  n ain  modai  radius  was  about  .'b  l p:m,  and  tlierc  were  \cjy 
small  secondary  modes  aib.  l,  12.  G,  and  19.4  pm.  Other  lluctuaiions  apj'_dred 
to  be  too  small  to  CG.n.sider  significant.  Tlie  liquid  water  content  was  aitout 
2 

U.  17  o v m.  . 

Donaldson  (1955)  made  measurements  near  Buzzard’ s Bay  m 
Massac. lusetLs.  .‘Iccordinj;  to  Donaldson' s Fipiire  G,  \olumc  mean  radii  in  his 
s.amples  varied  from  LG  to  about  hupm.  Therefore,  the  linear  mean  radii 
probably  varied  frotn  about  10  to  25uiti.  From  Donaldson’s  Figure  2,  one 
sees  that  no  large  secondarv  modes  were  apparent,  and  the  maximum  droit- 
size  was  about  2.  S times  the  volume  mean.  It  follows  that  the  maMn.um  drop- 
size  must  have  Iteen  near  100 -pm  radius.  Liquid  water  contents  varied  front 

about  0.013  to  IG  g/  m^. 

flldridge  ■'  19Gl)  found  that  in  11  of  14  samples  the  number  of  .aoiis 
increased  ntonotouically  as  the  droplet  radius  decreased.  Tlie  smallcot  dre.  - 
size  class  in  Eldiidge' s Tables  2 and  .3  was  0.  5-  to  1-pm  radius.  The  largest 
class  was  for  radii  from  IG  to  32  pm.  In  2 of  the  14  samples,  tite  mode  was 
in  the  1-  to  2-^im  class;  one  santple  had  the  ntode  in  the  2-  to  i-um  class.  The 

liquifl  water  content  varied  from  <t.039  to  0. 3G5  g rn'\ 

Findei.sen  ;1032)  measuin  ■,!  drop-size  distribution  in  togs  in  lla.r.lna-g, 
Ciermanv.  All  ilic  srarples  illu--uated  in  Findeisen' s Tigiiios  0 ao'‘  7 had 
ia»'ge  numbers  of  si-tatl  tiro, is  a-  1 were  inultimnda’.  rhcrc  w<.‘  ';  lai  ae  new  ix-r  .■ 
of  drops  with  ctidii  greater  titan  1"  ,;m.  The  five  distnb  itions  in  I'bideis  n’ s 
Figure  7 had  a*  L as*  cm  sn.all  v ivaximinn  wefi  thc.se  Ltrucr  radii. 

iOtc  maximj.'  radius  \'Tm '.Lout  0"  .ir.. 


•' .-...•iatid  la'.;;  !.,ni  2'i  si  • m'-a.j..ncn'c:tl.-  a T;  < 1 

cias-i!  icd  :e  'C'j  n , ‘ .-'i  t'>-  r -i,.  udgcfi  iji-  rati  i at  in  log:  or  a wi'i  - 

■'C'l  i.y-  Mo.s’  ' ilr i.i.ni  .1.1  rarges  we:  e a li.ile  more  tiia.n  obse  rved  ■ .e; 

range  ; and.  , su'-d'  I-'  is  v 1. 1 o riiss''d,  t.  vailiatio:  'ogs  \vith 

•'o  ici  I tvstals,  di..o’ri  ‘a.,ii  va:'ic>d  from  0.3  to  F'  m.  In  a ra.di'iiion  to;. 
who. I,  v'Oii3i«tcd  ' ntiridy  o’'  ice,  tiic  radii  varied  from  G to  70  pm.  h'  ndvection 
fog.j  the  radii  varied  I rom  0.4  to  I'.o  ."m.  Garland’ s table  did  not  give  a tvp'cal 
or  aveiage  raciius,  l>uf  I have  cstimaied  values  from  the  inlormalion  which  was 


given  and  from  the  graphs.  Most  drops  apparently  had  radii  less  than  1 gm 
in  the  liquid  radiation  fogs.  Ice  fogs  had  typical  radii  greater  than  (1  gm, 
probably  at  least  10  gm.  Advection  fogs  on  the  graphs  in  Figure  3 had  typical 

radii  from  2 to  » gm.  Liquid  ^\ater  vas  in  the  range  of  0.023  to  0.  17.3  gv 

Garland  et  al.  (1973)  studied  only  radiation  fogs.  In  five  out  of  six 
samples  the  largest  drops  had  radii  of  about  1-5  gm, ; one  sample  had  a drop 
with  a radius  as  large  as  20  gm.  In  five  out  of  six  samples  the  categor\  con- 
taining the  most  drops  was  less  than  O.G  gm.  Large  secondary  modes  did  not 

3 

occur.  The  liquid  water  content  varied  from  0.05  to  0.21  g/m  . 

Gatlnuan  and  I.arson  ( 1974)  observed  many  atmospheric  variables  in 
three  fogs  in  t.he  Greenland  Sea.  The\-  believed  that  their  method  of  measure- 
ment was  100%  efficient  in  collecting  particles  with  radii  greater  than  1.0  gm. 
Median  radii  in  their  15  fog  samples  varied  from  3 to  9 gm  accoi’ding  to  their 
Table  2.  Their  graphs  were  hard  to  read,  but  maximum  drop  radii  apparently 
varied  from  about  32  to  G4  gm  in  their  Figures  8,  9,  and  10.  Calculated  liquid 

3 

water  contents  were  in  the  range  of  0.041  to  0.251  g m . 

Gorchakov  et  al.  ( 1972)  made  assumptions  about  the  fog  drop-size  dis- 
tributions and  used  an  optical  scattering  technique  to  estimate  the  parameters 
in  the  distribution  function  for  three  cases.  In  two  cases  the  modal  radius 
was  about  5.  5 gm.  They  were  surprised  that  in  the  third  case  the  mode  was 
near  i2.5gm,  and  the  particle  size  distribution  was  quite  narrow  compared 
to  the  other  two  cases. 

Grunow  ( I960)  investigated  fogs  on  Mt.  Ilohenpeissenberg  in  upper 
Bavaria  in  Germany.  lie  found  that  cold  polar  air  was  characterized  by  drop- 
lets from  1-  to  7.  5-gm  radius.  Warm  luaritime  air  masses  noi-mally  had 
di’oplets  with  radii  from  2 to  12.5gm.  Maritime  air  masses  with  a long- 
continental  trajectory  had  droplets  from  2.5  to  30  gm.  Typical  droplets  in 
these  three  kinds  of  air  masses  had  radii  of  1.5,  4 to  7,  and  G to  9 gm, 
respectively. 

Houghton  and  Radford  (1938)  studied  advection  fogs  at  Hound  Hill  in 
South  Dartmouth,  Massachusetts.  They  obtained  40  volume  distribution  curves 
in  16  fogs  having  peaks  from  G-  to  45-gm  radius.  The  range  of  radii  was  from 
1 to  65  gm.  Because  the  linear  mean  of  I’adii  is  less  than  the  radius  of  a 
droplet  of  mean  volume,  typical  radii  were  probably  from  about  5 to  35  gm. 

The  largest  liquid  water  content  was  about  0.  3 g m'\ 
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Jiusto  ( 19G-4)  summarized  a literature  survey  and  divided  fogs  into  two 
main  types:  radiation  and  advection.  He  assumed  that  inland  fogs  were  radia- 
tion fogs  and  that  coastal  fogs  were  of  the  advection  type.  The  average  radius 
of  radiation  fog  droplets  was  5 gm,  and  the  maximum  was  about  17.  5gm.  The 

3 

liquid  water  content  was  about  0. 11  g/m  . The  larger  advection  tog  droplets 
had  an  average  radius  of  about  10  gm  and  a maxintum  near  32.  5 gm.  The 
liquid  water  content  of  advection  fog  was  assumed  to  have  an  average  ot  ai)out 

O 

0. 17  g/  m . Jiusto  ( 1974) , in  a later  article,  has  pointed  out  that  these  sim- 
plified numbers  represent  only  typical  values  that  will  vary  considei'ably  iii 
individual  cases  and  with  local  conditions. 

Kozima  et  al.  (1953)  divided  the  fog  drop-size  distributions  that  they 
measured  in  Hokkaido,  Japan  into  four  groups.  Fogs  containing  partir-les 
with  radii  greater  tlian  30  gm  were  type  D.  Type  D typically  had  the  iargesl 
number  of  particles  in  the  smallest  size  category,  and  the  numbei-  of  particles 
decreased  monotonically  with  increasing  size.  In  type  A fogs,  70  ' of  the 
particles  had  radii  less  than  5gm.  In  type  B fogs,  less  than  70' c of  the  drops 
had  radii  less  than  5 gm  and  less  than  35'7  had  radii  greater  than  iUgrn.  More 
than  .i5^  of  the  drops  had  radii  greater  than  10  gm  in  type  C fogs,  but  none  had 
radii  greater  than  30  gm.  The  largest  radii  measured  by  Kozima  et  al.  were 
55  gm. 


Kumai' s { 1375)  investigation  of  advection  fogs  in  Point  Barrow,  Alaska, 
lound  maximum  radii  of  05  gm.  The  categories  with  most  drops  varied  from 
3.5-  to  l2.0-(/m  radius.  OIjserved  visiljilities  were  slightly  smaller  than  com- 
puted visibilities;  therefore,  some  small  drops  were  missed.  In  Figure  5 oi 
Kumai' s article,  visibility  was  plotted  versus  liquid  water  content.  There  was 
a lot  of  scatter  in  the  data,  and  the  long-lasting  fogs  showed  far  more  scatter 
than  the  short-period  fogs.  When  visibilities  were  1 km  or  less,  the  amount 

3 

of  liquid  water  varied  from  0.033  to  0.  15  g/m  . 

Kunkel  ( 1971)  used  a laser  hologram  camera  to  measure  drop  sizes  in 
fogs.  IXu'ing  part  of  the  test,  his  instrument  would  only  mea.sure  large  drops. 

.5  cascade  impactor  was  used  to  fill  in  additional  data.  During  the  remainder 
of  the  test,  droplets  with  radii  as  small  as  2 gm  could  Ite  measured.  Kunkel' s 
Figure  3 indicated  that  radii  near  45  gm  were  meastn'ed.  From  his  Rgurc  4, 
which  represented  measurements  made  entirely  with  one  type  of  iiistrumcnt, 
one  sees  that  typical  radii  were  from  5 to  10  gm.  The  number  of  grams  of 
liquid  water  varied  from  0.021  to  0.  148. 
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Laktionov  et  al.  (1973)  studied  statistical  characteristics  ot  tO“  ir. 

Russia.  They  found  that  tiie  numljer  of  droplets  witli  radii  less  than  spin  was 
negatively  correlated  with  the  number  of  droplets  with  ladii  .greater  than  12  pm. 
For  example,  the  number  of  droplets  with  radius  18  pm  !iad  about  a -u.  • 
correlation  with  the  number  of  droplets  witii  a radius  of  0.-45  pm.  If  this 
should  be  true  in  otlier  locations,  one  would  not  have  to  worry  that  numerous 
small  drops  were  missed  by  the  measurement  technique  in  lows  with  larqe  num- 
bers of  large  drops.  The  cUscussion  in  Section  JI  of  (he  present  report  also 
indicates  that  small  drops  contribute  much  less  to  exdnetion  ‘.iian  large  drops. 

Low  f 1973a)  reported  on  two  sets  of  measurements.  The  lirst  was  done 
by  Dickson  at  Skelly  Field  near  Ft.  Rucker,  Alabama.  This  fog  was  the  radia- 
tion type.  i"he  wind  varied  from  calm  to  about  1 m sec  thi’oughout  most  of  its 

existence.  Typical  radii  were  from  9 to  i:>pm,  and  maximum  radii  wei'e  about 

•> 

21  pm.  Liquid  water  content  at  Skelly  Field  \aried  from  0.  11  to  0.21  g m . 

The  second  set  of  measurements  reported  by  Low  were  in  Redwood 
\'al!ey  near  Areata,  California.  These  measurements  were  made  by  Bonner 
and  White,  imt  l.ow  has  included  corrections  to  errors  which  were  found  in 
their  or.ginial  work.  The  Redwood  Valley  fogs  were  of  a mixed  radiation- 
a.'ivection  t’.  ;/C  i>ut  I.ow  believed  that  they  v.ere  nrcrlominatelv  radiational . 
Typical  radii  were  from  1 to  13  pm.  Information  aijout  the  maximum  radii 
in  the  Redwood  Valley  fogs  was  not  given.  The  maximum  liquid  water  »:’ontent 

n o 

t.)  tJ 

was  0.65  g m and  the  minimum  was  0.04  g,  m . 

Ludwig  et  al.  (1974)  measured  droplet  size  clistriliutions  in  radiation  fog 
at  Brannan  Island  State  Park  in  the  delta  of  the  San  -Joaquin  and  Sacramento 
Rivers.  According  to  their  Figures  12  and  24  the  largest  number  of  particles 
were  the  smallest  ones  less  than  a few  tenths  of  a micrometer  in  radius,  and 
the  maximum  radius  was  about  15  pm. 

Mack  et  al.  (1973)  measured  fog  parameters  at  sea  near  Monterey, 
California,  and  near  the  Farallon  Islands.  Figures  5 and  6 of  their  report 
contained  many  histograms  of  drop-size  distributions.  The  peaks  typically 
occurred  at  radii  from  aliout  4 to  8 pm,  and  most  drop  sizes  were  in  the  range 
of  2-  to  IG-pm  radius.  Several  distrilnitions  were  multimodal.  Tlie  largest 
radius  shown  on  the  graphs  was  about  31  pm.  Drizzle  occurred  during  the 
two  most  thoroughly  studied  fogs.  It  was  qualitatively  estimated  that  droplet 
radii  were  as  large  as  100  pm.  The  maximum  liquid  water  content  was 
3 

0.  18  g/ m . 
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May  (l96l)  studied  28  fogs.  The  method  of  measurement  discriminated 
against  very  large  and  very  small  droplets.  May  believed  that  one  could  not 
place  an  upper  limit  on  the  size  of  a fog  droplet  because  the  spectrum  merged 
eonbnuously  into  that  of  di’izzle  or  rain  when  it  accompanied  a fog.  In  any 
case,  Mrr. ' s Table  2 indicated  a range  of  droplet  radii  of  0.2.'5  to  IGO  pm.  Lt 
9 of  the  28  fogs  the  rnaximtmt  droplet  radius  was  greater  than  -a::  pm  and  ir. 

11  fogs  the  maximum  radius  was  less  than  28  pm.  Other  c haractcristics  ot 
the  fogs  showed  a wide  variation  even  though  all  measurements  were  rab.en 
from  the  same  position  on  the  side  of  a building  on  open  Salisbury  Plain  i.n 
England.  One  sample  had  a minimum  radius  of  8 pm,  and  anothci'  san.ple 
had  a maximum  ?-adius  of  7.  .9  pm.  Three  distributions  had  a median  radius  less 
than  0.  .5  pm  but  a maximum  radius  greater  than  32  pm.  One  sample  had  a median 
radius  of  15  pm.  I.iquid  water  contents  which  were  obtained  by  weighing  waried 

3 

from  0.0044  to  0.27  g/m  . Magnitudes  computed  from  the  drop-size  distribu- 
tions ranged  from  0.0043  to  0.297  g^m'  . 

Me.?zaros  f 1905)  studied  26  radiation  fogs  and  13  advection  fog.^  m 
Budapest,  Hungary.  Meszaros'  Taldc-S  I and  II  listed  a great  deal  of  ■■.fonv.a- 
tion  aiioul  each  fog,  including  mode  radius,  mean  radius,  ineai.  sqi;are  radius, 
mean  \oluwe  radius,  and  maximum  radius.  In  tiie  20  radiation  i'(;us  i.;e  mode 
radius  \anod  fr<vm  less  than  0.  4 to  lo.2  pm,  and  the  mean  radii^s  \a  ied  from 
3.  7 Id  ;i-.o  prn.  Maxiiuum  radii  in  the  raflialion  fogs  wei’e  in  me  'a,;go  tr'jm 
]■'.  .■>  lo  i ..  pm.  Mean  iiquici  wau-i  content  in  the  radiation  tog.-'  v\as 

0.062  ^ 'u  . A' crage  dtoplets  in  the  13  advection  fugs  were  laig-.v  ^han  tin 

:ol‘  d;’o|i]efs.  Tiie  [uinc't  al  modal  radius  varied  frotvi  ,2.;>  . u.. 

T’.'  ■ ad'.i  fogs  .verc  biniodcl,  and  in  one  of  these  the  secondare  i .u,ie  w . ; 

at  28.  ' pm.  .Mean  r.adii  were  'rom  2.2  to  17.0  pm  in  tlie  advection  Ags. 
f.lax'mun'  radii  in  the’  ad'oetem  f'gs  \a)'icd  iror..  31.5  to  101.  ).  T'  I'k'  ad'.<  - 

‘ion  it'r  s the  average  liquifl  water  eonu’nt  was  only  O.o22  g,  m , ivncli  less 
titan  m the  ra  iiatit.it  fogs. 

mgiia  (1902)  «'■  amineil  drrips  it'  our  ratiiauor.  !o-;s  m Hokleiiiio,  -tapan. 
>ii.-iia  11. adf  mcasni  nmnis  Irom  the  surlat  c to  25',:  ut.  T iic  laigest  t!;  i.-a 
'.II  t ,ue  iiau  -a.ii'  o;  oopni.  Mean  radii  vari'.'ii  Irom  -o  17  pm  a:  ■<  t.lii.i, 

t"  Oi;ila'  5 Fi'gtirc  m ibc  maxinumi  iitpiid  water  content  was  about  i g n't 
ueai-  ti.i  s irf.-tet  . 
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Pedersen  and  Todsen  ( I960)  measured  fog  droplet  sizes  near  Oslo, 
Norway.  The  fogs  classified  as  radiation  fogs  had  maximum  radii  of  alx)ut 
16  pm,  and  advection  fog  droplets  had  radii  as  large  as  2.6  pm.  Typical  dis- 
tributions of  both  kinds  of  fog  were  bimodal,  and  one  mode  was  from  .6  to 
7 pm.  In  radiation  fogs,  one  mode  was  typically  less  than  2 pm,  and  in  advec- 
tion fogs  one  mode  was  near  2 pm. 

Pilie  et  al.  (1975a,  b)  made  extensive  micrometeorological  measure- 
ments in  11  fogs  in  the  Chemung  River  Valley  near  Elmira,  New  York. 
Measurements  were  made  aloft  as  well  as  near  the  surface.  The  broadest 
drop-size  distributions  always  occurred  near  the  surface.  Deep  fog  fonned 
first  aloft  with  its  base  30  to  60  m above  the  surface,  but  groujid  fog  a few 
meters  thick  could  result  from  diffusion  of  heat  to  the  cold  ground.  The  tem- 
perature distribution  leading  to  the  formation  of  a deep  valley  fog  appeared  to 
be  the  result  of  nocturnal  valley  circulations.  Further  radiative  cooling  of 
the  fog  top  produced  an  unstable  lapse  rate,  and  subsequent  turlrulence  caused 
the  fog  base  to  propagate  downward  to  the  surface.  Typical  radii  were  from 
3 to  12  pm,  and  the  maximum  radius  was  about  31  pm.  Most  distributions  in 
mature  fog  at  the  surface  were  very  broad  and  multimodal.  The  average 
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liquid  water  content  at  the  time  of  minimum  visibility  was  0.  1 g/ m . 

Reinking  ( 1975)  studied  warm  radiation  fogs  under  calm  conditions  in 
the  San  Joaquin  Valley  in  California.  Maximum  radii  were  about  7.5  pm,  and 
typical  mean  radii  were  near  3 pm.  Detailed  information  was  not  given. 

Robei’ts  (1976)  obtained  drop-size  distributions  from  Grafenwohr, 

Federal  Republic  of  Germany.  Roberts'  Figure  1,  which  showed  plots  of  five 
drop-size  distributions,  did  not  indicate  that  there  were  any  particles  with 
radii  greater  than  8 pm.  Most  of  the  distributions  had  a maximum  near  the 
smallest  size  shown  on  the  curves,  about  0.2  pm.  One  of  the  distributions  had 
a maximum  at  slightly  more  than  1 pm  and  a secondary  maximum  at  about 
7.25pm.  Roberts'  Figoire  5 sho\\ed  that  even  the  small  variation  in  drop-size 
distributions  produced  measurable  changes  in  extinction  for  liquid  water  con- 
tents appropriate  to  moderate  and  light  fog  and  mists,  although  the  observations 
were  quite  close  together  for  very  large  liquid  water  contents  and  for  relatively 

3 

clear  air.  For  example,  for  a liquid  water  content  of  about  0.007  g,  m , 
extinction  of  the  10 -pm  wavelength  of  energy  varied  by  about  a factor  of  3,  and 
.3 

for  about  0.08  g/  m extinction  varied  by  a factor  of  2.  Observations  were 

3 

scarce  near  0.03  g/ m . 
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Rogers  et  al.  (1974)  investigated  the  life  cycle  of  California  coastal  fogs 
about  1 nnii  inland  near  Vancienberg  Air  Force  Base.  The  range  of  radii  was 
typically  1.5  to  115  pm,  and  the  mean  radius  at  a height  of  1.2  m was  8.  4 pm 
according  to  their  Table  III.  Graphical  data  were  not  given  for  1.2  m but  only 
for  heights  of  13  m and  higher.  At  the  higher  levels  the  distributions  tended 
to  peak  at  about  5-  to  7-pm  radius.  The  avei-age  liquid  water  content  was 

3 3 

0.  08  g/  m , and  the  maximum  was  0.  12  g/  m at  the  1.2  m height. 

Rozenberg  (1974)  has  summarized  expected  mean  drop  sizes  for  dilfer- 
ent  hydrometeors  on  page  279  in  Table  G.  14  of  the  English  translation  of  the 
Russian  report.  The  mean  droplet  radius  was  5 pm  in  thin  fogs  and  50  pm  in 
medium  fogs. 

Tag  ( 197G)  discussed  earlier  work  which  was  leased  on  daia  taken  in  the 
Panama  Canal  Zone.  Tag’ s Figure  2 indicated  a maximum  radius  of  about 
23pm.  "r>’pical  radii  would  be  less  than  the  volume  mean  ladlus  of  10.  8 pm. 

3 

The  liquid  water  content  was  0.  39  g m . 

Tampieri  and  Tomasi  (l97Ga)  have  fit  various  droi)-size  distriiniiions  to 
a modified  gamma  function.  A report  describing  a study  by  I’ittori  and 
Pcsai’csi  at  Baricella  in  the  Po  I’alley  in  Italy  was  among  the  published  work 
wliich  they  discussed.  Maximum  drop  radii  were  about  22  pm  and  typical 
radii  were  about  8 prn  in  the  fogs  in  the  Po  Valley.  Tampieri  and  Tomasi 
classified  these  fogs  as  radiation  fogs. 

Thompson  et  al.  ( 19G")  ha\o  described  a laser  hologram  camera  svstem 
for  measuring  drop  si  'cs.  Their  article  contained  one  san.ple  !iistOL,ram  of 
data  taken  al  (Xis  \ir  Force  Base,  Massachusetts.  Tjihcal  ra  'i:  w.u'e  near 
10  pm,  and  the  rnaxinmm  raeiius  was  aliout  '-,4  pm. 

Thuman  and  Robinson  (1954)  studied  Alaskan  ice-fog  (larticles.  The 
higliest  temperature  at  which  ice-fog  occurred  was  -;;o°c  during  the  winter 
of  1952-1953  at  Eiclson  Air  Force  Base.  Thuman  and  Rol)insc'n  were  jmimarily 
concerned  with  cry  stal  size  as  a fur.ction  of  temperature.  Tlie  minir.nnn  sire 
ar-peariitg  in  their  Figure  7 was  about  13  pm. 

Tverskoi  ( 19G5)  classified  fogs  as  radiation  and  evaitoration  Rgs  in 
1 igurc  107,  page  324,  of  the  Eiiglislt  translation.  Two  radiation  fogs  had  ntodal 
radii  Itetween  1 and  2 pm.  The  graphs  sliowetl  one  radiation  fog  to  iiav  e a tvaxi- 
mum  radius  of  about  5. pm  and  the  other  a maximum  of  11. 5 pm.  The  modal 
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i-adius  of  tlie  eva[)Oi-ation  foj;'  was  about  2 ^in  and  the  inaxir.uun  about  I't  >ni. 
llowe\er,  Tveiskoi  stated  on  a later  paj;e  that  the  n'aNirnum  radii  in  t'ic  fous 
were  about  GO  ,utvi. 

Wetili  <;ave  thiee  repi’cseiitati'. o drop-size  di  stribv.tions  in  !)is 

I'ijrre  ‘i  The  radiation  I'o^  at  Pinimit  Greer.,  Virpifda,  had  a moiuii  •riias 
i>;  &'  .'Rii  d urr,  tjut  ihe  r.raph  was  hard  to  r;  ad.  arid  tlie  maxin  ■ adiua  was 
an  tain.  Irfonnation  in  the  fia,T.ire  < aption  about  the  two  ei,rv(  s i rr.n 
'.V..  'rr.cr'ti,  was  not  eonsister.t  with  ndt-rr  aiinr  in  \V. i-.  'a‘  : 

' re  iist.-'lir.'ion  hatl  .a  n odal  radius  near  7.  7..in  and  lew  drops  ad  rarUi 
'a  aer  tha'-  ’.1  pm.  The  otlicr  curve  was  distiiKtl’  iiiunxlal  widi  p*  ai-s  at  Tl 
an.'.l  T'  am  ra.iius.  This  d.ist riiiution  with  tlie  lar*j;c-  drops  was  p'-vdabli'  iiie 
ath ectio.',  r.';.  It  !iad  more  drops  with  radii  treater  ih.an  2‘  .. m than  with  radii 
less  than  10  pm.  The  maximum  radius  v as  r.cai  To  pm.  Webb  stated  that 
although  droplets  ot  0.  ii  pm  radius  could  not  1)0  seen  with  certainty,  d;  oph  ts 
with  radii  ot  o.  7.G  pm  were  easy  to  measure  bv  his  technique. 

L'.  spite  of  the  laiyae  amount  of  work  that  lias  been  done  in  measuring 
fop  drop-size  distritnitions,  more  studies  are  needed. 

It  is  obvious  that  in  some  locations  the  nature  of  fog  drop-size  distrilni- 
tions  can  change  drastically  from  one  time  to  another.  This  has  been  shown 
very  clearly  by  Grunow  ( lOOO) , May  ( 19G1') , and  Meszaros  ( I9G'))  . Then'- 
lore,  the  reader  is  cautioned  against  assuming  that  any  values  in  Table  G are 
always  valid  tor  the  specified  location.  Howocer,  there  ma\  be  places  where 
the  life  cycle  of  a fog  is  almost  alv.a\s  similar,  liut  s;.  sternal  ie  moa.suremcnts 
over  a period  of  vears  will  be  necessary  to  dinnonslralc  this. 

It  should  also  ijc  noted  here  that  changes  in  fog  characteristics  can  ha\e 
verv  small  space  and  time  scales.  Hicher  ( 1970)  I'ound  ajipreciablc  clianges  in 
propagation  at  Tlu  GHz  (2142  pm)  within  a log  during  a time  when  no  apparent 
changes  in  visitiility  occured.  In  Richer' s experiment,  attenuation  increased 
from  1.9  to  2G  dI3  km  in  a GO-scc  period  and  then  decreased  to  I.")  dR  k'm  dur- 
ing the  following  GO  sec.  Zuev  et  al.  (1972)  probed  a fog  with  a O.G94:i-pm 
laser.  Oscillogram  traces  of  i-eflccted  signals  showed  rapid  nuetuations  indi- 
cating that  the  inhomogeneities  of  the  fog  were  in  constant  motion.  George 
( 1972)  studieil  a fog  in  Washington,  D..C. , and  the  Icngtli  of  most  elements  fell 
within  the  range  of  GO  to  100  ft.  Chisholni  and  Kruse  (197  1)  made  mcsosealc 
measurements  of  visibility  at  I-.  G.  Ilanscom  field  in  Massaeliusetts.  They 
found  that  temporal  and  spatial  variability  was  much  greater  in  radiation  fogs 
than  in  advection  fogs. 
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A few  investigators  iiave  discussed  the  variation  of  di’op-size  disti  il)utio*>s 
during  the  life  cycle  of  a fog.  Pilie  et  al.  ( IDTHh)  made  one  of  the  nios'.  thorougii 
studies  of  the  life  cycli?  of  vanc\  fog.  They  found  that  siiallow  ground  ' ■■ 
usually  oceurrcil  before  the  formation  ot  deep  vallev  fog.  The  g'.-ound  oe  ha  ! 
mean  radii  of  2 to  4 gm  and  a range  of  t to  lO  gm.  .\.s  deep  fog  Icrmefi  u.lo't, 
mean  radii  near  the  surface  in.creased  to  d to  12  gm.  .'■Imall  droplets  . .ued 
again  at  the  first  visibility  minimum  alter  -ihiih  a ’dni.jcial  disli ibutim'!  'A-.iy- 
oi'icd  at  tiic  surface  in  alioui  h.alt  of  tit'  !"gs.  One  nv.xie  wa  . at  a radiius  2 ' 

gn-.  and  the  other  between  d and  12  gu’.  Pild'-  cc  aA  ' -n,,-,  . oisis-.  iv 

change  in  th.c  siiape  of  drop-size  dislrdtc.tion.s  during  log  • ^-.ipat  oi.,  d-j; 
I.aktioiiov  ( T.tdTl'd  , in  a stud;.-  near  MoSi.ov' , 'Ound  tha'  :1a  .;umd)e.  •'  'gi-.  ,-.]- 
drojjs  decreasetl  during  fog  dissijiation.  Howc  \tr,  Dicltson  atid  hales  i.'-  ' ' 
have  made  theoretieal  eomiaiiations  of  visibility  eiiunges  based  ujMn  lia  . s i - 
tion  that  droplets  become  larger  as  fog  ages.  l)lek.sun  and  Hales  did  .tot 
specifically  state  that  this  behavior  earried  througlt  to  the  final  dissii>aP  ;■ 
stages;  their  belief  was  based  primarily  upon  the  laboratory  par.  oi  Ti.ndxiscn’ s 
( 19h2)  stud\ . Tow  (lyTba)  examined  the  life  cycles  of  one  i adiation  fog  and 
four  mixed  radiation-advcction  fogs.  In  file  radiation  fog,  tiie  mean  and  median 
radii  increased  with  time  from  the  formative  stage  to  the  end  of  the  mature 
stage  arid  then  decreased  slightly  during  dissipation.  Beha\ior  was  not  et  n- 
sistent  among  the  four  mi.xcd  rarliation-adveetion  fogs. 

-Anotlier  characteristic  of  fogs  wliieh  lias  aroused  interest  is  tii('  hquiti 
water  content.  Many  petiple,  incbiding  Elilridge  ( lOTll  and  Barteneva  and 
TViiyakova  (infi.b),  have  suggesteii  that  liquid  water  content  siiould  be  a pin 
function  of  visiliility.  However,  Barteneva  ami  Polvakova’ s own  data  in  tl  ei ; 
Figure  2 showed  a lot  of  scatter.  Eldridgc  eonsii.lered  possilde  obst  rv at i' i:uil 
errors  m only  two  sets  of  data  to  conclude  that  they  siiould  be  verv  elosi' 
togctlier.  Koestcr  and  Kosowsky  (1970)  suggested  using  two  relatinnships: 
one  for  radiation  fog  and  one  for  advcction  fog.  This  oversimplilii  ation  had 
the  merit  of  illustrating  very  clearly  the  pitfall  of  casualiv  using  anv  equation 
one  niiglit  find  in  the  literature.  They  suggested  maximum  liquid  water  eou- 

.2 

tents  of  1.0  and  0.4  g,  ni  lor  radiation  and  advection  logs,  respectively.  Mie 
earlier  jiart  of  this  section  of  the  present  report  indicates  that  most  fogs  have 

a liquid  water  content  less  than  0.4  g m'\  Roiierts  (1970)  measured  values 

slightly  more  than  1.0  g,  ni  \ Tow  (l97.ua)  reported  0.(i.9  g ni'^  witli  a visi- 
liility of  84  ni.  In  industrial  regions  of  Bohemia  in  Czechoslovakia  Anyz  (1904) 

3 

measured  liquid  water  contents  greater  than  0.5  g m with  visibilities  in 
excess  of  100  ni.  This  could  only  occur  if  there  were  many  large  drops.  .Anyz 

measured  0.000  g/m'^  a short  time  after  the  last  visibility  measurement. 
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The  preceding  discussion  applies  to  observations  near  the  surface.  Very 
few  observations  exist  for  higher  levels,  but  in  one  case  Okita  (1902)  observed 
! :i 

! a liquid  water  content  of  1. 6 g/  m'  at  a height  of  50  m.  Rogers  et  al.  ( 1974) 

I also  found  that  average  and  maximum  liquid  water  content  increased  witli  height, 

I but  at  42  m the  largest  measured  liquid  water  content  was  only  0.  4 g/ m^. 

j Sialenhoef  (1974)  found  that  slant  visibility  from  40  m was  nonnally  less  than 

horizontal  visibility  at  2 m. 

Finally,  the  reader  is  urged  to  remember  that  a few  large  di'ops  can 

I make  a bigger  contribution  to  extinction  than  many  small  drops  as  has  been 

I illustrated  in  Table  2.  This  is  particularl3'  true  ai  10.  5 gm,  where  extinction 

I is  comparable  to  visible  extinction  for  particles  with  radii  greater  than  10  gm. 

[ T.herefore,  the  typical  radii  in  Table  0 nvust  not  be  considered  alone  without 

reference  to  the  number  of  large  drops.  A maximum  radius  greater  than 

90  gm  was  usuallv  an  indication  of  a significant  number  of  large  particles, 
f 

IV.  COMPARISON  OF  EXTINCTION  OF  DIFFERENT  WAVELENGTHS 

j Drop-size  distributions  were  taken  from  six  articles.  Kumai  (197.2) 

( and  Kl'ii-id.’,c  f 19b(j)  listed  data  in  convenient  ^afnilar  fonn.  Thirteen  of  tlic 

I distributions  from  Kumai  were  associated  with  visibilities  less  than  1 Imi  and 

I thus  came  within  the  definition  of  log  used  in  this  report.  Kumai’ s fogs 

I tvj>ically  contained  20  to  40"'  of  radii  greater  than  10  gm,  and  no  radii  were 

I less  than  2.85gm.  Eldridge' s 12  fog  drop-size  distriluitions  had  no  t adii 

I greater  than  S gm,  and  most  were  loss  than  1 gm.  Pilie  et  al.  ( 197.5bl  aiui 

1 Pedersen  and  Todsen  (1900)  pro\idcd  graphs  which  were  fairlv  cast  to  ••ead. 

' Tvpicallv,  over  10’,'  of  radii  from  Pilit'ctal.  wore  greater  than  10  gm,  but 

I only  a few  percent  Irom  Pedersen  and  Todsen  were  greater  than  10  gm.  D.ita 

I were  taken  from  27  graphs  of  mature  fogs  of  Pilie  et  al.  and  from  2 graplis 

j of  Petler.sen  and  Todsen.  Carland  (1971)  and  Garland  ctal.  (197.2)  provided 

graphs  which  we»'e  difficult  to  read,  but  thet  fticl  provide  some  suppleinenta rv 
information  in  tal)les.  Five  droji-size  distriliutions  were  used  from  cac't 
article,  and  the  droplets  weri'  typicalli'  small.  .Miogcfher,  extinctions  were 
computed  for  05  drop-size  distrilnitions. 

Figures  .2  through  7 illustrate  the  results  of  computations  matlc  with  the 
0..I  droji-si/e  distribution.s  accor'Iing  to  the  procodui  t'  describeri  in  Sei  tion  II 
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ATTENUATIO.M  (dB/km)  OF  10.5-/im  RADIATIOM  BY  WATER  DROPLETS 


ATTfcNUAnON  (dB/kin)  OF  0.56-(.in>  RADIATION  BY  WATER  DROPLETS 
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.’omparison  of  attenuation  of  12r>()-  and  O.  oo-pni  radiation  iiy  fo^  droplets. 
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Figures  3 and  4 show  the  relation  between  att'-nuations  of  visible  and 
infrared  energy.  Figure  3 is  a plot  of  visii'ility  as  a rnnetion  of  attenuation  at 
10.  fipni.  There  is  obviously  a great  deal  of  scatter  n.  the  data.  An  attenuation 
of  'in  d.F  km  at  lO.  3 /.nn  can  be  associated  w'Mi  visil.ibties  eonsklci ably  less 
than  lO''.  ;r  or  over  300  m.  If  the  data  are  plotted  '•  it''  both  axes  i;.  uniis  of 
deribe'sne;  kiio'nete:  as  in  r'i-;  -c  k the  scatieT  .s  still  obvious.  Tiie 
correlation  o:  the  data  in  Figtirt-  • i.s  only  O.tJi. 

Before  comparing  these  data  with  the  work  ot  others  one  should  consider 

tlic  following  facts.  The  index  of  refraction  of  water  does  not  vary  much 

throughout  the  visible.  Except  for  the  very  small  drops  with  radii  less  than 

."■gm,  the  mean  Q over  a reasonable  drop-size  interval  is  about  the  same  for 
ext 

different  visible  wavelengths.  The  index  of  refrai  tion  of  water  at  I'b  gm  is 
close  to  that  for  wavelengths  from  10.0  to  10.  i)  gm,  and  fhe  parameiei  r - 
2771’  A does  not  vary  a lot  over  this  wa\clength.  interval. 

Bisyarin  et  al.  (l97l)  made  comparisons  cf  attenuation  at  10.0  gm  with 
attenuation  at  0.63gm  in  real  and  laboratory  fogs.  The  mean  ratio  of  attenua- 
tion at  10. 0 g.rn  to  attenuation  at  0. 03  gm  was  0.  38  ror  sevei  al  real  fogs  and 
0.43  for  laboratory  fogs.  It  was  indicated  tha’^  about  i.">~  of  their  riiios  wei'c 
less  thai.  0.20  and  about  l-Tp  were  greater  Uian  Q.oo  \n  the  real  lo<gs.  Sample 
data  in  tiieir  Fig-ure  5 shewed  that  tney  were  including  visibilities  greater  than 
1 km  under  their  definoicn  of  fog. 

Chu  and  llogg  ''  1008)  plotted  a graiih  ul  wavelength  versus  e.\pec  ted 

attenuation  by  fogs  with  O.i  g/ n'  f'f  liquid  water.  Tiieir  estimate  kir  10.  "gm 
'.-.as  hi)  dB  km.  S'line  ot  the  fogs  in  Figure-s  3 and;  i which  attenuated  10.  .}g.m 

about  .')0  dB  km  had  a liquid  water  content  near  0.  1 g m . 

Donnfi  f lOT-'il  cunsidevvd  th.e  probieu'  d imagi;'.;,  througii  tiaucs  and  tO’.;s 
< aleulaiicns  ir.ilicaled  that  tor  high  \ isii'ilities  penrtrnti'.'n  ei  fog  b\  i'lgni  was 
mnei,  ureaier  tlinr  .enr,  ration  l.'v  ' , -,i'".!e  ener;  ■ . T .Icr  diticii.r  of  low 
V i:;-''i.i' t , »he  infra'iC.I  offered  on;.  ...oiicsi  iir  uovoi.ien'.  ovci  the  visible. 

•’■.■hii  ■.*i)n  acd  Tln.’ih.  ( InOTl  m 'a^ured  t’'i  rui.  •!'  1 ir  . ttcruruioii 
'o  n.  ;ite'in.'tti('n  in  artificial  t^'g.s  in  th.i'  lalio'  air.iw.  ilaiios  wcic 

rieastn'o  ! from  i t'l  -..tO  .iec('’diiu;  ‘heir  Tal  'u  II. 
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llensch  and  Long  (lOTO)  used  a model  of  fog  drop-size  distriljution  for 
theoretical  computations.  It  was  found  that  when  the  radius  of  drops  with  ihe 
maximum  number  density  was  greater  tlian  5gm,  the  extinction  coefficient 
became  wavelength  independent  for  wavelengths  from  0.  34  to  10.(5  gm.  In  my 
computations,  most  of  the  distributions  with  the  radius  of  maximum  number 
density  greater  than  5 gm  had  0.  55-  and  10.  5-gm  attenuations  within  about 
101'  of  each  other. 

Figure  5 shows  the  relation  of  visible  and  1250-gm  attenuation.  These 
data  contain  even  more  scatter  than  the  data  in  Figure  4.  The  correlation 
coefficient  for  the  two  attenuations  is  only  0.49.  The  correlation  between 
0.  55-gm  attenuation  and  870-gm  attenuation  is  0.  58. 

Figure  0 shows  that  10. 5-gm  attenuation  is  more  closely  related  to 
1250-gm  attenuation  in  fog  than  it  is  to  0.  55-gm  attenuation.  The  correlation 
between  these  two  sets  of  data  is  0.9G04. 

The  correlation  between  10.  5-gm  attenuation  and  870-gm  attenuation  is 
0.9068  for  the  05  fog  drop-size  distributions  used  in  this  study. 

Figure  7 contains  a plot  of  870-gm  attenuation  versus  1250-gm  attenuation. 
It  is  obvious  that  these  data  are  very  closely  correlated.  The  correlation 
coefficient  is  0.9873. 

Platt  (1970)  made  various  approximations  and  computed  an  attenuation 

3 

by  fog  at  1000  gm  of  15.2  dB,  km  per  g/  in  . 

V.  SUMMARY  AND  CONCLUSIONS 

Extinction  of  electromagnetic  energy  by  fog  droplets  depends  upon 
the  wavelength  of  the  energy,  the  complex  index  of  refraction  of  the  drops  for 
that  w'avelength,  and  the  drop-size  distribution. 

No  clear  air  attenuation  is  considered  in  this  report.  Webster  (1973) 
has  provided  a good  model  of  atmospheric  molecular  attenuation.  Water  vapor 
will  be  considered  in  a future  report. 
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This  report  considers  the  following  four  wavelengths:  0.  55  pm  in  the 
visible;  10.5pm  in  the  infrared;  870  pm  in  the  submillimeter  range;  and 
1250  pm.  Measurements  of  the  complex  indices  of  refraction  at  these  wave- 
lengths for  water  do  not  vary  much  more  than  about  10%  in  any  study.  Varia- 
tions are  much  less  for  the  shorter  wavelengths.  Furthermore,  the  results 
of  the  computations  are  not  influenced  much  by  small  changes  in  the  complex 
index  of  refraction. 

An  extensive  literature  survey  shows  that  the  radius  of  fog  droplets  can 
vary  from  less  than  1 pm  to  more  than  100  pm.  However,  a large  portion  of 
drops  have  radii  less  than  20  pm,  and  few  radii  are  greater  than  10  pm.  In 
some  fogs  the  maximum  radius  is  as  small  as  7.  5 pm,  but  in  other  fogs  more 
than  half  the  drops  have  radii  greater  than  8 pm.  These  large  variations  some- 
times occur  in  one  location.  There  may  also  be  large  spatial  and  temporal 
variations  within  a fog. 

Extinction  of  energy  with  a wavelength  of  1250  pm  is  less  than  e.xtinction 
of  energy  with  a wavelength  of  870  pm,  regardless  of  the  fog  drop-size 
distribution. 

The  extinction  of  these  wavelengths  near  1 mm  by  fog  droplets  is  less 
than  the  extinction  of  0.55  and  10.  5 pm  in  all  fogs. 

The  way  the  extinction  coefficient  of  10.  5-pm  energy  compares  to  the 
i extinction  coefficient  of  0.  55-pm  energy  depends  upon  the  drop-size  distribution. 

[ If  the  maximum  drop  radius  is  less  than  10  pm,  extinction  of  a wavelength  of 

I 10.  5 pm  is  less  than  extinction  of  a wavelength  of  0.  55  pm.  If  most  of  the  drop 

‘ radii  are  greater  than  10  pm,  the  e.xtinction  of  energy  with  a wavelength  of 

i 10.  5 pm  is  greater  than  the  extinction  of  energy  with  a wavelength  of  0.  55  pm. 

' Even  a concentration  of  a fraction  of  a drop  per  cubic  centimeter  with  a radius 

near  30  pm  is  important  because  the  contribution  of  a di’op  to  the  extinction 
coefficient  depends  upon  the  square  of  the  radius.  Computations  based  upon 
fog  drop-size  distributions  found  in  the  literature  indicate  that  extinction  ol 
the  10.  5-pm  wavelength  is  about  the  same  as  the  extinction  of  the  0.  55-pm 
wavelength  in  many  fogs. 
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